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Abstract 
Solvent collisions can often mask initial disposition of energy to the products of solution 
phase chemical reactions.  Here transient infrared absorption spectra, obtained with 
picosecond time resolution, demonstrate that the nascent HCN products of reaction of CN 
radicals with cyclohexane in chlorinated organic solvents exhibit preferential excitation of one 
quantum of the C-H stretching mode and up to two quanta of the bending mode.  On 
timescales of ~100 to 300 picoseconds, the HCN products undergo relaxation to the 
vibrational ground state by coupling to the solvent bath.  Comparison with reactions of CN 
radicals with alkanes in the gas phase, known to produce HCN with greater C-H stretch and 
bending mode excitation (up to two and ~six quanta respectively), indicates partial damping 
of the nascent product vibrational motion by the solvent.  The transient infrared spectra 
therefore probe solvent-induced modifications to the reaction free energy surface and 
chemical dynamics.       
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In a chemical reaction, the partitioning of energy between translational, rotational, vibrational 
and electronic degrees of freedom of the products depends upon, and therefore provides 
information about, the potential energy landscape over which bonding changes occur (1).  
Early insights came from Polanyi (2), who demonstrated the importance of the location of an 
energy barrier along a reaction pathway in determining the fraction of the available energy 
that is released as product vibrational excitation.  An expanding array of experimental 
techniques, complemented by theory, is enabling study of the dynamics of reactions in ever-
increasing detail under low-pressure, gas-phase conditions in which the molecules are largely 
isolated from collisions and from the perturbations of a surrounding medium such as a solvent 
(1, 3-5). 
 
Much synthetic, environmental and biological chemistry occurs in solution, however, and the 
solvent will have a pronounced effect on the dynamics of chemical reactions (6-8).  The very 
short time intervals between collisions in the liquid phase, and the hindered motions of 
molecules surrounded by a solvent cage, prevent application of many of the velocity and 
quantum-state specific experimental methods developed to examine gas-phase collisions (9). 
Spectroscopic methods employing ultrafast lasers can be used to measure the timescales for 
reactions in solution (10-13), study solvent-solute complexes (14, 15), and examine molecular 
vibrational excitation, which can persist in solution for tens or hundreds of picoseconds (16). 
For a solution-phase bimolecular reaction, observation of vibrational quantum state specific 
energy disposal might provide comparable mechanistic insight to the infra-red (IR) 
chemiluminescence (1, 2) and more recent velocity map imaging (3) studies of gas-phase 
reactions, and therefore unravel the influence of the solvent on the dynamics.  This prospect 
was recognized by Hochstrasser and co-workers (10, 11), who employed transient IR 
absorption to examine the products of reactions of Cl atoms or CN radicals with organic 
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solvents.  These pioneering experiments provided evidence that ~20% of the DCN products of 
the CN reaction with CDCl3 solvent are formed with one quantum of vibrational excitation in 
the C-D stretching mode.  
 
Here, experimental outcomes are presented for a solution-phase bimolecular reaction, which 
demonstrate a much greater degree of product vibrational excitation than was reported in prior 
studies of related reactions (10, 14, 15).  As a consequence, vibrational mode specific 
dynamics can be explored, and are shown to be affected, but not quenched, by the presence of 
a solvent.  The reaction of CN radicals with cyclohexane (eq. 1), 
 CN + c-C6H12 → HCN + c-C6H11     (1) 
and its deuterated counterpart are sufficiently exothermic that several vibrationally excited 
levels of the HCN (DCN) products are energetically accessible.  Indeed, experimental studies 
of the gas-phase reactions of CN with small alkanes demonstrate efficient channelling of 
energy into as many as 6 quanta of the bending and 2 quanta of the C-H stretching vibrational 
modes of the HCN products (17-21).  The three vibrational modes of HCN are well-described 
as a C-N stretch (v1), a bend (v2) and a C-H stretch (v3) (22), and are all IR active.  These 
reactions therefore offer scope to examine how a liquid solvent alters the chemical dynamics 
by contrasting the nature and extent of vibrational excitation of the products in solution with 
the outcomes of gas-phase reactive collisions. 
 
Transient IR spectra were obtained with picosecond time resolution using the ULTRA laser 
facility at the Rutherford Appleton Laboratory (23).  Figure 1 shows IR absorption spectra 
recorded at various time delays (≤ 400 ps) following narrow-bandwidth IR excitation of the 
C-H or C-N stretching vibration of HCN in solution in CH2Cl2. The spectra were obtained 
with broadband (~500 cm-1) IR probe pulses, and are a necessary precursor to the chemical 
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reaction studies described later because they identify unambiguously the locations of bands of 
vibrationally excited molecules and their relaxation rates in solution.  The features centered at 
3263 and 3160 cm-1 are assigned, respectively, to the v
 
 = 0 → v3 = 1 and v3 = 1 → v3 = 2 
bands of HCN, hereafter denoted by 3  and 3 (24), and the features at 2094 and 2073 cm-1 
are the 1  and 1 bands.  The negative-going signals for the 3   band correspond to a bleach 
in the vibrational ground state population that recovers through vibrational relaxation, and the 
positive-going signals for the 3 band derive from a transient population of v3 = 1 that relaxes 
back to the ground state (25).  Similar descriptions apply to the spectra of the 1   and 1 
bands.  Fits of the time-dependence of the integrated intensities of the 3  bands to bi-
exponential functions yield time constants for the relaxation of HCN(v3=1) and recovery of 
HCN(v=0) in CHCl3, CH2Cl2 and CDCl3 of 130±5, 144±8 and 265±20 ps respectively.  
Corresponding analysis of the 1 band gives time constants for relaxation of the C-N stretch 
in these same three solvents of 157±38, 146±17 and 122±20 ps.  All uncertainties are 1 
standard deviation (SD) from fits to 3−6 data sets. 
 
The results of reactive experiments for CN radicals, initiated by 266-nm, ~50-fs UV laser 
photolysis of ICN (0.14 M) in the presence of cyclohexane (1.0 M) in CH2Cl2 solvent are 
shown in figure 2. The ultrafast dynamics of ICN photolysis in solution have been well 
characterized previously (26, 27).  The spectra in the C-H stretching region show formation of 
both vibrationally excited and ground state HCN products.  The majority of the signal derives 
from reaction (1), with a weak contribution from reaction of CN radicals with the solvent, as 
shown in the lower panels of figure 2.  The main bands occur at the same wavenumbers as 
those in figure 1A, and are assigned as the 3  and 3  transitions of HCN, but additional 
features appear to the low wavenumber side of the main bands.  These shoulders are assigned 
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to diagonal hot bands in the HCN bending vibration (2, with n≥1 denoting the number of 
quanta of excitation of the bend) observed in combination with the C-H stretching transitions. 
These 23 and 23  combination bands are slightly displaced from the 3 and 3 features 
by anharmonic shifting of the C-H stretching frequency and are observed because the reaction 
deposits energy in the HCN bending vibrational mode.  The 3   and 23  bands rise in 
intensity at earlier times than the 3  and 23  bands, but the 3  band becomes the sole 
spectral feature at longer time delays (25).  Reaction (1) was also studied in CDCl3, which 
will exhibit different couplings to the reaction path and product motions, and similar HCN 
vibrational dynamics were observed (28).  These observations are clear signatures that the 
reaction dynamics preferentially form HCN vibrationally excited with one quantum of C-H 
stretching motion and up to two quanta of bending excitation, followed by vibrational 
relaxation to the ground state by coupling to the solvent bath.  Weakly negative signals on the 
3

 band at early times are a consequence of a population inversion between v3=1 and v=0 
vibrational levels.  There is no evidence for the formation of HCN in higher vibrational levels 
of the C-H stretching and bending modes:  the combs in figure 2 indicate where absorption 
features involving v2=3 are expected, but these and the 3  band were not observed.  Signal-
to-noise ratios suggest an upper limit of 10% branching into v2≥3 and v3≥2 products.  
 
The spectra for different pump-probe time delays were fitted to six Gaussian functions with 
centers fixed to the central wavenumbers of the 23, 3, 23 and 3 bands (n = 1 and 2), 
and widths constrained to that of the 3 band at large time delays.  For reaction (1) in CH2Cl2, 
figure 3 displays the time-dependence of the resultant integrated peak areas.  The 23 
intensity data have been combined, as have the intensities of the 23  bands, and the weak 
contribution from reaction with the solvent has been subtracted.   
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The time-dependent data were fitted to a kinetic model that incorporated reaction to form 
nascent HCN(0n1), HCN(001), HCN(0n0) and HCN(000) with respective pseudo-first order 
rate coefficients (29) k1, k2, k3 and k4.  The terms in parentheses denote numbers of quanta of 
excitation of the modes (v1v2v3).  The model also included vibrational relaxation in steps of a 
single quantum (with rate coefficients k4–k8). It has analytical solutions for the time 
dependence of the concentrations of HCN(0v2v3) to which the data were simultaneously fit. 
Allowance was made for the dependence of IR absorption signals on the population 
difference between levels connected by a spectroscopic transition, and the fits incorporated 
differences in the transition dipole moments for HCN with zero and one quanta of C-H stretch 
(30).  The fits were further constrained by fixing the rate coefficients for loss of a quantum of 
C-H stretch to the values derived from the IR-pump and probe experiments for HCN in 
CH2Cl2.  Fitted values of k1 through k4 are displayed in figure 3 and can be interpreted as 
being proportional to the reactive branching to form nascent HCN(0n1), HCN(001), 
HCN(0n0) and HCN(000) products.  The values indicate that the reaction preferentially forms 
HCN with a quantum of C-H stretch and significant bending excitation (v2 ≤ 2); the main 
source of population of HCN(000) is through vibrational relaxation by coupling to the solvent 
over timescales ~130 to 270 ps.   
 
Reactions of CN with alkanes release ~10000 cm-1 of energy, and experimental investigations 
of such reactions in the gas phase (17-21) demonstrated that the excess energy is efficiently 
coupled into certain internal motions of the products: there is substantial excitation of both the 
HCN bending mode (up to v2~6), and the C-H stretching mode (v3≤2).  Our quasi-classical 
trajectory calculations for isolated reactive collisions indicate that the bending excitation of 
the HCN stems from a flat bending potential in the vicinity of the transition state (TS) (31), 
although the high rotational excitation of CN radicals from UV photodissociation of ICN (26) 
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may contribute.  Early H-atom transfer at an extended C-H distance causes the observed 
excitation in the C-H stretching mode.  The condensed phase experiments observe lower 
vibrational excitation of HCN than was reported for isolated collisions in the gas phase, 
however.  We deduce that the solvent partially suppresses the flow of the excess energy of the 
reaction into product vibration, but that, despite the presence of the solvent, many features of 
the dynamics on an attractive PES with an early barrier and loose bending potential persist.  
Calculations indicate that the location of the TS is not significantly affected by solvation, and 
the reduction in the vibrational content of the HCN therefore derives from solvent friction in 
the post-TS region (31).   
 
Figure 4 shows transient IR spectra in the C-N stretching region of HCN and DCN products 
from CN radical reaction with c-C6H12 in CH2Cl2 and c-C6D12 in CHCl3 respectively.  
Spectral features are assigned to the 1  C-N fundamental band and, at early times, bands 
involving this transition in combination with hot bands in the bending and C-H (or C-D) 
stretching vibrations (in accord with the aforementioned promotion of excitation in these 
modes by the chemical dynamics).  For the CN + c-C6H12 reaction, there is no firm evidence 
of excitation of the C-N stretch in the HCN product, but analysis is complicated by features at 
2065 and 2037 cm-1 assigned respectively to INC (32) and to CN (either as free radicals in 
solution, or weakly complexed with solvent molecules (14, 15)).  The C-N stretching region 
of DCN is free from the above interferences, and an additional, weak transient feature 
(labelled as F in figure 4) is seen at 1877 cm-1.  A plausible assignment to the 13 or 123 
combinations of hot bands is consistent with the reaction dynamics channelling energy into 
the C-D stretching and bending motions, but also indicates some C-N stretching activity in 
reactions forming DCN. This latter observation may be a consequence of subtly different 
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reaction dynamics for the D-atom abstraction, or more mixed C-D and C-N stretching 
character of the normal vibrational modes of DCN. 
 
In conclusion, transient IR absorption spectroscopy has shown that the dynamics of the 
reactions of CN radicals with cyclohexane in chlorinated solvents have many features in 
common with their gas-phase counterparts. The HCN products are formed with high degrees 
of vibrational excitation (on average ~30% of the available energy), and ground state HCN 
mostly results from vibrational relaxation via coupling to the solvent on a slower timescale.  
The dynamics are vibrationally quantum-state specific, with preferential excitation of a single 
quantum of the C-H stretching mode and up to two quanta in the bending mode.  This degree 
of vibrational excitation is, however, lower than has been reported for comparable reactions in 
the gas-phase, indicating partial damping of the developing HCN vibrational motion after the 
transition state.   The transient IR spectra illustrate a strategy to explore not only the ways in 
which a solvent modifies the potential energy landscape for a chemical reaction in solution, 
but also constrains the chemical reaction dynamics.        
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Figure 1:  Transient IR spectra of HCN in solution in CH2Cl2 (left) showing the temporal 
behaviour in the C-H (A) and C-N (B) stretching regions following IR excitation on the 
fundamental absorptions (25).  The right-hand plots show the time-dependence of the 
integrated intensities of the hot-band spectral features in three solvents, CH2Cl2 (black), 
CHCl3 (red) and CDCl3 (blue), with bi-exponential fits to extract time constants; the fast and 
slow decay components correspond respectively to rotational diffusion and vibrational 
relaxation.   
 
Figure 2:  Transient IR spectra, obtained in the C-H stretching region, of HCN products of 
UV-laser initiated CN reactions in a 1.0 M solution of cyclohexane in CH2Cl2 (upper row) 
and pure CH2Cl2 (lower row).  The combs above the spectra indicate spectroscopic 
assignments as described in the text.  The spectra are displayed in time intervals selected to 
highlight the evolution from vibrationally excited to ground state HCN (25). 
 
Figure 3:  The upper panel shows the time-dependence of the integrated intensities of spectral 
bands in the C-H stretching region of HCN formed from reaction (1) in solution in CH2Cl2: 
Blue is HCN(0n1) (n=1,2); red is HCN(001); purple is HCN(0n0) and black is HCN(000).  
Solid lines show fits to the kinetic model summarized in the lower panel, which also displays 
values of the rate coefficients obtained for each step.  Error bars on individual data points are 
±2 SD from the least-squares fitting to band intensities; uncertainties in rate coefficients are 1 
SD from fits to 4 data sets.  
 
Figure 4:  Time-dependent IR spectra obtained in the C-N stretching regions of HCN and 
DCN for UV-laser initiated CN reactions with c-C6H12 in CH2Cl2 and c-C6D12 in CHCl3. 
Features A and D are the 1 bands in HCN and DCN. Bands B and C, centered at 2065 and 
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2037 cm-1, are assigned, respectively, to INC and to CN radicals, which may be complexed 
with the solvent.  For HCN, hot bands of v1 and combinations of the 1 transition with hot 
bands of the other two modes overlap band B; for DCN these bands are in the region 
indicated as E.  Band F is discussed in the text. The dips in the DCN spectrum at 1899 (at the 
center of region E) and 1946 cm-1 are solvent absorption induced transient signals (25). 
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